The biological function of glycosphingolipids (GSLs) is largely determined by their glycan head group moiety. This has placed a renewed emphasis on detailed GSL head group structural analysis.
Introduction

Many mammalian secretory proteins and lipids contain covalently linked carbohydrates (glycans).
For these molecules, the structure and composition of their appended glycans plays a significant role in their function, distribution and physical properties 1 . As glycan biosynthesis is not directly a template-driven process, glycan structures on secreted glycoproteins and cell surface lipids are typically heterogeneous and complex. Additionally, glycans are subject to structural alterations over their lifetime due to both normal and pathological physiological processes, a feature that makes them attractive as potential biomarkers of disease.
In the past few years, there have been major advances in high-throughput glycomics technologies for glycoprotein analysis. A low-cost, high-throughput, automated N-glycan sample preparation platform for glycoprofiling of immunoglobulins (IgG), antibodies and glycoproteins isolated from serum was recently described by our laboratory [2] [3] [4] [5] . To date the analysis of N-glycans has largely been based on chromatographic profiling using ultra-performance hydrophilic interaction liquid chromatography with fluorescence detection (UPLC-HILIC-FLD). This technique permits rapid and semi-quantitative comparison of N-glycan structures across many samples.
Serum N-glycan profiling has been used to identify glycan biomarkers of various diseases such as cancer (ovarian, prostate, breast, lung, pancreatic, stomach), mature onset diabetes of the young (MODY) , as well as biomarkers associated with normal physiological processes like aging [6] [7] [8] . While this young field has made significant advances, it is desirable to expand the breadth of these profiling studies to other families of glycoproteins and other glycoconjugates, for example, glycolipids.
One attractive class of molecule for glycoprofiling studies are glycosphingolipids (GSLs), lipids that possess a carbohydrate head group consisting of mono-or oligosaccharides attached to the lipids sphingosine or ceramide. More than 500 structural species that differ in their head group glycan or fatty acid composition are known 9 . GSL glycan head groups are associated with many cellular processes such as cell differentiation, signalling and receptor functions for viruses, antibodies or lectins 10 . GSLs are ubiquitous on cell membranes and also circulate in serum where they are present in a free form or in complex with proteins 11 . Aberrant GSL glycosylation has been repeatedly reported for different types of cancer including lung, breast, prostate and ovarian cancer as well as brain tumors, multiple sclerosis, rheumatoid arthritis and lysosomal storage diseases such as Gaucher's and Fabry disease [12] [13] [14] [15] .
In contrast to N-glycan profiling, high-throughput analysis of GSLs is still in its infancy. Although methods have been described for the automated extraction of GSL from their matrix and their subsequent characterization en masse using shotgun lipidomics 16 no such automated methods 4 are currently available for the preparation and chromatographic analysis of GSL glycans.
Enzymatically released GSL head groups are commonly analyzed using MALDI-TOF MS 17, 18 .
Enzymes often play a critical role in glycomics workflows such as the enzymatic release of GSL glycans by endoglycoceramidases (EGCases) which is preferred over harsh chemical release methods that can result in low glycan yields 19, 20 . However, for enzymatic release of GSL head groups to be viable in a glycan profiling scheme, an enzyme with broad substrate specificity is needed. To date very few EGCases have been tested for their ability to cleave a wide range of GSL classes, limiting their utility for GSL head group profiling.
In the present study, we adapted our existing robotized N-glycan analysis platform 2,5 for the quantitative high-throughput profiling of 2AB-labeled mammalian GSL head groups using UPLC-HILIC-FLD. An enabling component of our GSL glycan workflow is our identification and characterization of a novel recombinant EGCase I enzyme from Rhodocococcus triatomea that exhibits a broad GSL specificity, including the release of globo-series GSLs and Gal(β1-1)Cer, important classes of GSLs that are not efficiently released by known EGCases. Finally, we demonstrate the ability to characterize GSL head groups from both mammalian cell surfaces and small volumes of blood serum. This analytical workflow will permit further exploration of the GSL head group repertoire of GSLs from a broad range of biological sources and will enable studies aiming to identify cellular or serum GSL-glycan biomarkers of disease.
Experimental Section
Chemical reagents and solvents were from Sigma-Aldrich. Glycosphingolipid standards were from Sigma-Aldrich (GD1a, GD1b, GM1a, GT1b, GalCer, Sulfatide, Psychosine), Avanti (GD3, GlcCer) and Matreya (FGM1, GM3, Gb4, LacCer). Human serum was pooled from apparently healthy donors (courtesy of the U.K. Blood Transfusion Service). Recombinant Rhodococcus equi endoglycoceramidase (rEGCase II) was from Takara Bio Inc.
Cell culture
HeLa (ATCC # CCL-2), NIH/3T3 (ATCC # CRL-1658), and HL60 (ATCC # CCL-240) cell lines were obtained from the American Type Culture Collection (ATCC). HeLa and NIH/3T3 cells were cultured in DMEM (Thermo Scientific HyClone) containing 10% (v/v) fetal bovine serum (FBS), 2 mM Lglutamine, 100 U/mL penicillin, and 100 μg/mL streptomycin for 2 days at 37°C, then trypsinized and collected by centrifugation. Cells were washed with cold 1X PBS and frozen at -80°C. HL60 cells were cultured in Iscove's Modified Dulbecco's Medium (Thermo Scientific HyClone) containing 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 5 10% (v/v) FBS, 2 mM L-glutamine, 100 U/mL penicillin, and 100 μg/mL streptomycin for 3 days at 37°C in suspension. Collected cells were washed with cold 1X PBS buffer and frozen at -80°C.
Cloning, expression and purification of Rhodococcus triatomea EGCase I
A gene encoding putative EGCase I (GenBank accession: EME18930.1) was identified in the R. triatomea genome database 21 by BLASTP and TBLASTN using the amino acid sequences of EGCase I (R. equi), EGCase II (R. equi) or EGALC (R. equi) as queries. A codon optimized sequence encoding the R. triatomea EGCase I ORF with a C-terminal His-tag was synthesized by Genscript. A version of R. triatomea EGCase I (27-489 aa) lacking its signal peptide and having a C-terminal His-tag was created by PCR and cloned into the NdeI and XbaI sites of pJS119 22 to produce pJS119/RhtrECI.
Recombinant protein expression was performed in E. coli NEB Express cells (New England Biolabs) carrying pJS119/RhtrECI followed by purity and activity assay of the enzyme (see the Experimental Section in Supporting Information).
Extraction and purification of GSLs from cell membranes
A method adapted from Smith et al. 23 was used for extraction of GSLs from cell membranes. Lipids were extracted from aliquots of 2 x 10 5 cells. A mix of chloroform/methanol/H2O (1:2:0.75; v/v/v) was added, sonicated for 10 min and centrifuged (14,000 x g, 2 min). The supernatant was collected and the step was repeated once. Mixtures of chloroform/methanol (1:1; v/v) and chloroform/methanol (2:1; v/v) were sequentially added and sonicated for 10 min, after which samples were centrifuged and the supernatants collected and pooled after each step. Pooled supernatants were dried using a SpeedVac (Thermo Scientific). The dried extract was subjected to n-butanol/water partitioning according to Vidugiriene et al. 24 . The crude lipid extract was resuspended in n-butanol/water (1:1; v/v), vortexed and centrifuged at 1,000 x g for 2 min. The organic phase (upper) was collected and back-extracted with n-butanol-saturated H2O and the aqueous phase (lower) was re-extracted with H20-saturated n-butanol followed by vortexing and centrifugation at 1000 x g for 2 min. The pooled butanol-phases were dried in a SpeedVac.
Extraction and purification of GSLs from serum
GSLs from serum were extracted using a quick protein precipitation method adapted from Huang et al 25 . Briefly, 180 μL of methanol were added to aliquots of 20 μL human serum followed by vortexing and centrifugation at 14,000 x g for 30 min at 4°C. The supernatants were dried in a SpeedVac and subjected to n-butanol partitioning as described above. 
Endoglycoceramidase digestion
Dried GSLs, whether commercial standards or extracted and purified from cells or serum, were resuspended in sodium actete buffer (pH 5.2) containing 1 mg/mL Triton-X-100 and incubated at 37°C for 16 h using different concentrations (2 mU -120 mU) of R. triatomea rEGCase I or R. equi 2 mU of rEGCase II in a total volume of 20-200 μL.
Automated hydrazide-mediated glycan head group cleanup
Enzymatically released glycan head groups were captured and cleaned using a Hamilton Robotics 
2AB labeling and cleanup of excess label
Fluorescent labeling mix (5 μL; 350 mM 2-aminobenzamide (2AB), 1 M sodium cyanoborohydride in acetic acid/dimethyl sulfoxide (30:70)) was dispensed into each sample plate well, and the plate was incubated at 65°C with agitation at 700 rpm for 120 min. Excess label was removed by paper chromatography in a 96-well plate according to Royle et al. 26 .
UPLC-HILIC-FLD and UPLC-HILIC-FLD-MS
2AB-labeled glycans were analyzed by UPLC-HILIC-FLD/MS using a method adapted from Albrecht et al. 27 (see the Experimental Section in Supporting Information)
Safety Considerations
Chloroform is toxic and needs to be handled only by experienced and well-trained personal using all safety laboratory measures possible (gloves, glasses, and fume hood).
Results and Discussion
Semi-automated GSL head group sample preparation and analysis
A semi-automated sample preparation workflow was established for GSL glycan head group analysis ( Figure 1 ). Our approach was inspired by a robust IgG N-glycan preparation workflow that was recently reported by our laboratory 2 . The adapted workflow for GSL head group analysis utilizes endoglycoceramidase release of GSL head group glycans followed by selective glycan capture on solid-supported hydrazide beads, high-throughput 2AB glycan labeling and cleanup by 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   7 HyperSep Diol SPE. Simultaneous preparation of 96 samples can be achieved using a liquidhandling robotic workstation ahead of GSL head group glycan analysis by UPLC-HILIC-FLD or UPLC-HILIC-FLD-MS.
The amphipathic nature of GSLs requires the use of an enzyme reaction buffer containing detergent to permit the optimal release of head group glycans by endoglycoceramidase digestion. This detergent needed to be removed prior to subsequent sample processing steps and glycan analysis.
Prior studies reported the use of "glycoblotting" 28 , a method where released glycans are transiently bound to hydrazide beads, to isolate GSL head groups after endoglycoceramidase digestion 17, 18 .
Therefore, we adapted an automated high-recovery version of glycoblotting used in our IgG Nglycan preparation workflow 2 for use in our GSL glycan profiling workflow. The glycan capturing step was performed using low-cost UltraLink hydrazide resin and was conducted on a temperaturecontrolled robotic heater-shaker with vigorous agitation.
Additional considerations were made for labeling GSL head group glycans with a fluorescent dye.
We used the dye 2-aminobenzamide (2-AB) which is widely used for mole-based glycan derivatization allowing for sensitive and quantitative analysis of reducing glycans by HILIC-FLD chromatography. Although 2-AB labeling is broadly applicable to any reducing glycan species, different approaches are required for the removal of excess labeling dye that largely depend on the nature of the glycans being labeled. Compared to N-glycans that have a common pentasaccharide core (i.e. the chitobiose core extended by three mannoses), GSL head groups are structurally more diverse and range from monosaccharides to large sialylated oligosaccharides. 2-AB cleanup using normal-phase SPE, which is routinely used for N-glycans, resulted in insufficient recovery of small glycan structures. Therefore a more universal and gentle cleanup method based on paper chromatography was used instead. This method was previously adapted for processing in a 96-well plate format to ensure efficient sample-throughput 26 .
High-throughput characterization of ceramidases on defined GSL substrates
Using our GSL glycan analysis workflow the substrate specificity of a novel recombinant R.
triatomea EGCase I (see the Results Section and Figure S-1 in the Supporting Information) was evaluated on isolated GSL standards and experimentally compared to that of a recombinant commercial EGCase II from R. equi (Table 1) . A theoretical comparison with literature findings for the specificity of the more closely related R.equi rEGCase I was included 9 . Aliquots of 2 nmol standard GSL substrates including cerebrosides (glucosylceramide [GlcCer], galactosylceramide
[GalCer]), lactosylceramide [LacCer] , gangliosides (GM3, GM1a, FGM1, GD1a, GD1b, GD3 and GT1b), globosides (Gb4), sulfatide and psychosine were incubated with either 2 mU EGCase I or EGCase II 8 at 37°C for 16 h in 50 mM sodium acetate buffer containing 0.1% Triton-X. The reaction was performed directly on a 96-well sample plate that was subsequently used for automated cleanup, minimizing the number of sample transfer steps. An internal standard (ISTD) was added for relative UPLC-HILIC-FLD glycan quantitation and multiple replicates (n = 2-4) were performed.
Chromatographic peak retention times of the GSL head groups were converted into glucose unit (GU) values using a 2AB-labeled dextran ladder that enables the independent comparison of chromatographic profiles 26 . Completeness of digestion was tested by complementary TLC assay (see the Experimental Section in Supporting Information and Table S-2).
The coefficients of variance (CV) for the relative GSL head group quantitation after endoglycoceramidase release and 2AB-labeling were ≤ 10% for each GSL standard/enzyme pair, highlighting the reproducibility of the workflow as well as the defined substrate-specificity of the endoglycoceramidases tested. Overall, R. triatomea rEGCase I showed very broad and robust GSL hydrolyzing activity. The release efficiency of rEGCase I was clearly superior to rEGCase II for the fucosylated ganglioside FGM1 (1:0.4; rEGCase I : rEGCase II), the tri-sialylated ganglioside GT1b (1 : 0.3; rEGCase I : rEGCase II), the globoside Gb4 (1 : 0.1; rEGCase I : rEGCase II) and cerebrosides. The substrate specificity of our R.triatomea rEGCase I was comparable to literature findings for R.equi rEGCase I except for Gb4, LacCer and cerebrosides 9 . It is noteworthy that certain globosides are not efficiently released by known EGCases 9,29 . Thus, the efficient release of the head group from Gb4 by R. triatomea rEGCase I was compelling and suggested that this enzyme might be useful in the profiling of globosides, which comprise many antigens (e.g. P-, P k -, Forssman-, SSEA-3-and SSEA-4-antigen) in biological samples. Furthermore, R. triatomea rEGCase I efficiently hydrolyzed GlcCer and to a lesser extent GalCer further indicating specificity differences from other Rhodococcal EGCases that show little or no hydrolysis of cerebrosides 9,29,30 .
The GSL psychosine that has galactose linked to a sphingosine backbone (instead of ceramide) was not released by rEGCase I. Psychosine is a component of brain GSLs. For example, it is of importance in Krabbe disease where it is thought to interfere with protein kinase C and accumulates in microdomains of the brain which might result in disruption of lipid raft architecture 31 . For samples of brain origin additional digestion with rEGCase II (R. equi) or EGALC (R.equi) that hydrolyze psychosine to about 14% 29 is recommended. Finally, none of the known EGCases has shown the ability to hydrolyze sulfatide 30 , a sulfated form of galactocerebroside, that is a highly enriched component in the central and peripheral nervous system and plays an important role in the biology of myelin-forming cells. 32 
Application of the workflow for profiling cellular GSL head groups
The suitability of our workflow for profiling cellular GSL glycans was assessed using mammalian cell lines. In this experiment, R. triatomea rEGCase I was used to liberate glycan head groups from 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   9 GSLs extracted from mammalian NIH/3T3, HeLa and HL60 cell lines. In our study, only a small number of samples needed to be processed, so GSL extraction was performed manually. However, for larger numbers of samples, a robotic method for the automated extraction of GSLs as reported by Stahlman et al 16 could be easily combined with our platform to permit the automated extraction of GSLs from a variety of biological matrices including tissues, cells and biofluids Well-resolved chromatographic profiles were obtained for aliquots of 2 x 10 5 cells after extraction of GSLs according to Smith 23 , separation of polar impurities by n-butanol partitioning 24 , on-plate treatment with 40 mU R. triatomea rEGCase I, followed by high-throughput sample preparation, inclusion of an ISTD for relative peak quantification and analysis by UPLC-HILIC-FLD (Figure 2 , Table 2 ). The enzyme concentration (40 mU) was empirically chosen and was largely based on a prior report of optimal cellular GSL release using 25-50 mU R. equi EGCase I 17 . Peak assignments were confirmed by exoglycosidase treatment that resulted in characteristic shifts in GU values depending on the presence of terminal sugars (data not shown) 33 .
High quality GSL glycan profiles were obtained for each cell line (Figure 2) . Furthermore, the glycans observed for each profile matched GSL class biases previously reported for NIH/3T3, HeLa and HL60 cells that are rich in gangliosides, globosides and nLc-type GSLs, respectively 17 . These data also further illustrate the ability of R. triatomea rEGCase I to hydrolyze globosides (see Hela cell profile). Similarly, a broad range of nLc-type GSLs that included a N-glycolylneuraminic acid (Neu5Gc)-containing species were released from HL60 extracts. Members of this class of GSLs are not commercially available as standards and could not be evaluated in our experiments testing EGCase release from defined GSL substrates. However, these data illustrate that rEGCase I is able to liberate glycans from these lipids. Considered together, these data illustrate that our highthroughput workflow can be used for efficient profiling of cellular GSL glycans.
Application of the workflow for profiling GSLs from human serum
Serum glycan profiling has become a useful tool for the monitoring of diseases and biomarker discovery. We have recently introduced an automated IgG glycoprofiling platform 2 for the highthroughput serum profiling of N-glycans derived from glycoproteins 5 . Here we aimed to further adapt the platform for the profiling of GSL glycans in human serum.
In contrast to cells or tissue, serum GSLs are not bound to membranes but are instead present in their free form or embedded in protein-lipid complexes 11 . As such, we used a simplified extraction method that included protein precipitation by methanol and centrifugation at low temperature 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 59 60 (Figure 3) . To determine the optimum enzyme concentration for GSL head group release, serum GSLs were incubated with increasing concentrations of EGCase I (6 mU, 30 mU, 60 mU, 120 mU) ( Figure S-2) . The best glycan yields were obtained for 60 mU EGCase I.
Our data show that human serum contains a complex mixture of GSL head groups that includes gangliosides, globosides, nLc-and fucosylated Lc-type GSLs (Figure 3) . Serum also contains an abundance of free monosaccharides, however monosaccharides derived from GSLs are relatively low in healthy human serum 34 . Due to their excessive presence, monosaccharides were disregarded in our study although their concentration was considerably reduced by butanol-partitioning during sample preparation (Figure 1 and Supporting Information Figure S-3) . GSL-derived monosaccharides are of special interest in certain diseases such as Gaucher's disease for which increased glucosylcerebroside levels are observed 34 . To analyze GSL monosaccharides using our workflow, additional purification, for example, using glucose oxidation 18 or hydrophilic-lipophilic balance (HLB, Oasis ® ) solid phase extraction 35 would be needed. The integration of HLB for our GSL-serum application is shown in Supporting Information Figure S-3 ) and the use of commercially available 96-well HLB plates would permit automation of the cleanup step for high-throughput applications.
Our structural assignments of serum-derived GSL glycans were based on exoglycosidase glycan sequencing and MS, that were each performed after weak anion exchange (WAX) fractionation of serum GSL head groups into pools of neutral and charged structures (see Supporting Information for supporting data in Tables S-3 and S-4, and Figures S-4-10) . Eighteen GSL head group structures with a relative abundance of ≥ 0.1% were identified in human serum in this study and quantified relative to an internal standard. Additional structures of minor relative abundance (< 0.1%) may be present but were not further considered. Prior studies on human serum reported high variability in total serum GSL concentration but low inter-individual variability in GSL composition and proportioning 11, 18 . Thus, with a view toward discriminating between healthy and diseased serum GSL glycan profiles, our findings support the notion that relative glycan quantification using UPLC-HILIC-FLD is sufficient over absolute glycan quantification 13 .
We observed GM3 and LacCer as the predominant serum GSL species (34% each), followed by Gb3 (14%), Gb4 (7%), nLc4 (3%), (α2-3)-sialylated nLc4 (S(3)-nLc4, 2% ), (α1-2/α1-4)-di-fucosylated Lc4 (diF(2,4)-Lc4,1.5%), GM2 (1%) and several structures of minor abundance (< 1%) including GA2, GM1a, GD1a, GD3, nLc6, S(3)-nLc4, S(6)-nLc6, F(2)-Lc4, F(4)-Lc4 and Hex2HexNAc2 (Table 3) . 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 11 Several other studies have also sought to identify GSL glycan structures present in serum using classical methods like high performance thin layer chromatography (HPTLC). However, due to limits in separation capacity, the methods have mainly been used to analyze only selected ganglioside or globoside structures 11, 13, 15, 36, 37 . A first approach to serum GSL head group profiling using HILIC-HPLC after 2AB-labeling of enzymatically released glycans was performed by Wing in 2001 35 . However, GSL head group profiling by HPLC is time-consuming (~180 minutes per run) and the separate analysis of neutral and charged structures was required due to the GSL extraction and glycan purification methods used. Furthermore, the ceramide glycanase (from Macrobdella decora) used in that study showed poor hydrolysis of neutral GSLs. Finally, Furukawa et al. recently reported on the quantitative glycosphingolipid-glycome analysis in the serum of 10 healthy human subjects using MALDI-TOF MS 18 . Of the 42 MALDI-TOF MS signals related to potential GSL glycan structures an average of 19-20 signals had an abundance of ≥ 0.1% of the total glycan pool. 18 Similar cohorts and quantities of serum-GSL glycan structures were detected when compared to our study (Table 3) . Although MALDI-TOF MS allows for the detection of additional trace signals from GSL-glycans, quantification by MALDI-TOF MS is difficult and correction factors may have to be introduced. Additionally, signals from components such as media, N-glycans or peptides can also complicate glycan identification and contrary to chromatographic methods it is not possible to separate glycoforms. Thus, the described UPLC-HILIC-FLD method offers an important alternative approach for profiling serum GSLs that increases speed and throughput without compromising detection and determination of relative abundance of a large repertoire of GSL glycan classes.
Conclusion
In this report, we present the first high-throughputworkflow for the profiling of GSL glycan head groups and their subsequent analysis by UPLC-HILIC-FLD using a robotic platform including selective glycan capture and release on hydrazide beads in solution. The workflow features a novel R. triatomea rEGCase I that shows a broad specificity for globosides, fucosylated GSLs and cerebrosides compared to other EGCases. The workflow was successfully applied to perform systematic GSL head group profiling of human serum and will enable future profiling of GSL head groups in clinical disease research.
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Comparison of the relative abundance of glycans released from glycolipid standards using 2 mU R. triatomea rEGCase I or R. equi rEGCase II as assessed by UPLC-HILIC-FLD and comparison to literature results for R.equi rEGCase I 9 . For a relative comparison of the release efficiency of the two experimentally tested EGCases, the highest abundance of each glycolipid was normalized to "1".
Unless otherwise stated (*) this abundance also represented 100% head group release by a parallel TLC analysis (see Supplementary Table S 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 16 + GSLs (2nmol) were incubated at 37°C for 12h with 1mU (or 10mU) of recombinant R.equi EGCase I in 20µL of 50mM sodium acetate buffer, pH 5.5, containing 0.1% Triton X-100. 9 ‡GSLs possessing the the β-galactosyl-Cer linkage (e.g. trigalactosylCer) were completely resistant to the hydrolysis by R.equi rEGCase I 9 n.d. not determined Table 2 . Use of the workflow for profiling mammalian cellular GSLs. Shown are relative quantities of glycans released from GSLs extracted from murine NIH/3T3 and human HeLa and HL60 cell lines using 40 mU of R. triatomea rEGCase I in the high-throughput glycolipid workflow. The quantification was performed relative to an internal standard for which the area was set to "1". 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 
S(3)-nLc6
Neu5Ac(α2-3)Gal(β1-4)GlcNAc(β1-3)Gal(β1-4)GlcNAc(β1-3)Gal(β1-4)Glc nLc 0.2 0.2 e nd: structural details not defined *relative abundances were calculated from average absolute GSL glycan quantities (pmol/100μL) in10 humn serum samples as determined byMALDI-TOF MS by Furukawa et al 18 (Supplementary Table 4 , Furukawa et al) 18 a deviations in relative abundances between the two studies for LacCer and GM3 might be due to the use of correction factors for the absolute quantitation of LacCer and GM3 by MALDI-TOF MS 18 b no structural discrimination was made between Gb3 and (n)Lc4 by MALDI-TOF MS due to same m/z 18 c no structural discrimination was made between F-(n)Lc4 isomers by MALDI-TOF MS due to same m/z 18 d no structural discrimination was made between GM1 and S-(n)Lc4 by MALDI-TOF MS due to same m/z 18 e m/z which represents (Hex4)(HexNAc2)(Neu5Ac1) was not further specified by Furukawa et al 18 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 The workflow includes on-plate endoglycoceramidase incubation of extracted GSLs from different matrices to which an internal standard has been added, automated hydrazide bead cleanup of released glycans, high-throughput 2AB-glycan labeling and cleanup of excess label followed by UPLC-HILIC-FLD analysis. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 
